Using the computer program GeneMark, the open reading frames (ORFs) previously assigned within the one megabase sequence data of the genome of the cyanobacterium, Synechocystis sp. strain PCC6803 (Kaneko et al., DNA Res. 2: 153-166, 1995), were re-examined. Matrices required by GeneMark for its statistical calculation were generated and modified by running a script termed GeneMark-Genesis that performed recursive application of GeneMark against the Synechocystis data and evaluated the probability scores for optimization. Based on the matrices thus generated, 752 of the 818 previously assigned ORFs (92%) were supported by GeneMark as likely coding sequences, of which 26 were predicted to start at more internal positions than previously assigned. In addition, 50 ORFs were newly identified as likely coding sequences, most of them being shorter than 300 bp. Thus, the procedure was proven to be very powerful to locate likely coding regions within the genomic sequence data of Synechocystis without having prior information concerning their similarity to the genes of other organisms. However, GeneMark did not predict 66 previously assigned ORFs as likely genes: 14 of them showed significant degrees of similarity to known genes and 10 others were found within IS-like elements. It seems that these genes, many of which appear to be of exogenous origin, escaped detection by GeneMark as in the case of "class 3 (horizontally transferred) genes" of E. coli, which in turn suggests that genes of different phylogenetic origins might also be detected as such by modifying the matrices.
Introduction
coding regions in various other microorganisms as well. 8 ' 9 The cyanobacteria are believed to be of very ancient The Kazusa DNA Research Institute has launched a origin, having branched off the line that led to presentproject of the analysis of the structure and function of day chloroplasts. Therefore, it is of great interest to the entire genome of a unicellular cyanobacterium, Syne-analyze the structure and organization of genes in this chocystis sp. strain PCC6803, and reported recently a organism, in particular for the analysis of the genes incontiguous sequence of 1,003,450 bp that covers a region volved in photosynthesis as well as from an evolutionspanning from 64% through 92% of the genetic map.
1 " 3 a r y p o i n t o f view. For this purpose, we used GeneMark The sequence data were deposited in DDBJ in eight por-a nd analyzed the genomic sequence data of Synechocystions with the information on potential open reading tis with respect to the location and probability of regions frames (ORFs), which were assigned mainly based on harboring potential protein-coding capacity. GeneMark their size and similarity to known genes. 3 Several com-performs statistical calculations of the frequency of reputer programs are now available for the prediction of g i o n a i appearance of oligonucleotides to differentiate belikely coding regions within a genomic sequence. 4 One tween coding and non-coding regions, by using matrices such program is GeneMark, 5 " 7 which makes it possible to prepared from sequences of known coding as well as nonlocate coding regions of various parts of the Escherichia coding regions. 5 " 7 The statistics for placing coding recoli genome and characterize them. In addition, the pro-g i o n s a r e calculated based on the phased Markov model gram has been proven to be effective in the prediction of a n d those for non-coding regions on the ordinary Markov Figure 1 . Analysis of the coding regions by GeneMark. GeneMark analysis of the nucleotide positions 169,000 through 173,000 of the Synechocystis sequence (DDBJ accession No. D64000) is shown. The probability scores (ordinate) for each of the 6 reading frames were plotted versus the sequence (abscissa). Initiation (ATG and GTG) and termination (TAA, TAG and TGA) codons, respectively, are shown by short upward and downward vertical bars in the middle of each frame. The shaded boxes represent predicted coding regions. In the previous report, 3 the region from positions 170,685 through 170,924 in the second frame was described as ORF ssrO556, since a protein motif was detected there. However, GeneMark, predicted that the coding region was not likely to be assigned to ORF ssrO556, but instead to an ORF designated as gm202 on the complementary strand, from positions 170,663 through 171,556 in the fourth frame, as shown.
several steps of recursive application of GeneMark. 12 The procedure, which was performed by a Perl script termed GeneMark-Genesis, started with the data for long ORFs, such as ORFs longer than 1,000 bp, that are assumed to be coding regions based on their length. The first-step matrices were generated with these long ORFs and used for the next step GeneMark calculation of the sequence to extract shorter ORFs and with GeneMark probability scores above a pre-set threshold. The resultant data were used to produce modified matrices and GeneMark analysis continued. In this way, the matrices were evaluated and optimized for GeneMark analysis of the genomic sequence in a recursive manner, and hence prior information concerning the coding regions of the genome was not required. The procedure thus has a practical advantage for the analysis of the Synechocystis genomic sequence data, because the number of previously known genes in this organism is rather small. GeneMark predicted that the translational initiation sites of some of the ORFs described by Kaneko et al. 3 should be placed at more inner positions as shown.
b ' ORFs are numbered according to their order of appearance within the sequence data. The first digits of the ORF numbers indicate the order of appearance of the sequence data files, starting with the one with DDBJ accession number D63999.
c ' L and R indicate leftward and rightward directions, respectively.
Materials and Methods

Sequential training and gene prediction by
GeneMark-Genesis Computer analysis was performed for the contiguous one megabase (Mb) sequence from Synechocystis sp. strain PCC6803, which was registered in DDBJ in 8 portions (accession numbers D63999-D64006). GeneMarkGenesis, written in the Perl language, performs recursive application of the GeneMark program which predicts genes and the GeneMat2 program which derives new matrices.
In the first step, GeneMark-Genesis was run to select ORFs longer than 1,000 nucleotides. These ORFs were considered bona fide genes based on their length. The set of these ORFs was used as an initial training set of protein-coding regions while a randomly generated sequence, with ATGC nucleotide frequencies equal to that of Synechocystis, was used as a non-coding training set. These training sets were used to create new matrices by running GeneMat2.
In the second round of GeneMark-Genesis analysis, the matrices generated in the first round were used by the GeneMark program for the prediction of protein-coding ORFs. From the whole set of ORFs longer than 500 bp, those with average GeneMark scores higher than 0.70 were selected to form a new training set of protein-coding regions. From these data, new matrices were generated by GeneMat2, which were used to analyze the whole set of ORFs longer than 300 bp. ORFs with average GeneMark scores higher than 0.60 were selected and included in a new training set, and new matrices were generated by running GeneMat2 as before. In the last round of analysis, all ORFs longer than 100 bp were examined and ORFs with average GeneMark scores higher than 0.50 were selected to prepare the final matrices.
The GeneMark program in conjunction with the matrices prepared in the last step was used to compute the probability of the occurrence of coding sequences in six possible reading frames with a window size of 96 nucleotides. The window was moved with a step of 12 nucleotides from one end to the other of the 1-Mb sequence. The likelihood of being a protein-coding sequence was determined for all possible ORFs by scrutinizing the GeneMark probability functions within the ORFs. Those with average scores higher than 0.50 were subjected to further analysis by taking into consideration the occurrence of translational initiation (ATG and GTG were considered) and termination codons. A portion of probability curves obtained by running GeneMark is shown in Fig. 1 , in which a new coding region, gm202, that was not predicted previously 3 was found.
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Search for sequence similarity of newly found protein-coding regions
A search for similarity of the translated amino acid sequences of ORFs that have newly been identified by GeneMark as likely protein-coding regions in the Synechocystis data was performed by running the program tfasta 11 against the sequences in Swiss-Prot and PIR databases or by running fasta 11 against the sequences in GenBank/ EMBL/DDBJ. A cut-off value for optimal score 100 was used for these analysis.
Results and Discussion
Prediction of the coding regions in the Synechocys-
tis genomic sequence data The genomic sequence data of Synechocystis 3 were analyzed by GeneMark for the location and likelihood of protein-coding regions. Results obtained were compared with the previously assigned ORFs that were defined as DNA stretches harboring at least 50 contiguous sense codons starting with either ATG or GTG. The ORFs were determined in the sequence, if they were either longer than 100 codons, or shorter than that but showed strong degrees of similarity to known genes. When two ORFs on either of the complementary strands overlapped partially or entirely, the longer one was chosen. In addition, stretches showing similarity to structural RNA genes were preferentially selected.
After running GeneMark, we scrutinized the analyzed results of the sequence data and correlated the regions of high probability scores with the 818 ORFs that had been previously assigned 3 according to the criteria mentioned above. It was found that 752 ORFs were predicted to be likely genes, the initiation sites of 26 of which were suggested to be more internal than previously assigned (Table 1). However, GeneMark did not support 66 (8.1%) of the previously assigned ORFs as likely genes. On the contrary, it predicted the presence of 50 new protein-coding regions as listed in Table 2 . The new coding regions were tentatively named with a 'gm' prefix followed by a three digit number as indicated. All but two of them (gm202 and gm603) were shorter than 300 bp. The ORFs that were previously assigned 3 but were not identified by GeneMark as likely coding sequences nor showed any degree of similarity to known genes are listed in Table 3 .
ORFs that were not identified by GeneMark but showed significant degrees of similarity to known genes are listed in Table 4 . Interestingly, two ORFs, ssl0601 and ssll426, which were found to be similar to ribosomal proteins S21 and L35, respectively, of E. coli and Cyanophora paradoxa were included in the table while five other ORFs showing similarity to E. coli ribosomal proteins were nicely identified by GeneMark. The E. coli counterparts of the two ribosomal proteins are very small in size and their stoichiometry has been estimated to be less than one molecule per ribosome. 13 Moreover, their genes exists as a single transcriptional unit. However, there are other genes belonging to this category, and therefore, the reason why the Synechocystis counterparts of E. coli ribosomal proteins S21 and L35 were not nicely predicted by GeneMark remains to be investigated.
It should be noted that two ORFs, sllO319 and slrO317. were not detected by GeneMark as likely coding sequences (Table 4 ). They correspond, respectively, to the /3-lactamase precursor gene and the putative transposase gene of IS5377 and, therefore, are presumed to be of exogenous origin. Also, the E. coli gene corresponding to ORF sllO678 that was not predicted by GeneMark as a likely gene (Table 4 ) was classified as exogenous. 7 The results of GeneMark analysis with the ORFs in IS-like elements (Table 5 ) suggest that only one of the 20 ORFs was consistent with the GeneMark prediction. Nine other ORFs were detected by GeneMark, but their initiation sites were predicted to be more internal. The remaining 10 ORFs were not identified by GeneMark as likely coding regions. It was noted that no ORFs residing within a class of IS-like elements, named ISc352, 3 were predicted by GeneMark.
Evaluation of the GeneMark prediction
Of the 818 ORFs previously assigned, 3 the initiation codon of 11 of them has been determined through comparison with the partial N-terminal amino acid sequence data of proteins isolated from Synechocystis cells (personal communication from T. Sazuka). GeneMark successfully predicted all but one ORFs (or genes). In addition, 25 ORFs were found to be identical to the genes and ORFs that have been deposited in the nucleotide sequence databases. 3 Of these genes/ORFs, 23 were predicted by GeneMark, but the remaining two were not (Table 4) . These ORFs, termed sslO562 and slrO915, 3 correspond to sequences P32422 and U10482, respectively, of the SwissProt database. The former has been described as a likely candidate for a gene which codes for an ironsulfur protein in photosystem I, 14 and the latter for a gene which codes for an endonuclease. 10 However, the GeneMark scores for both were below the threshold value (i.e. 0.5). The reason for this is not known, but perhaps these two ORFs, if they are indeed active genes in Synechocystis, might be of exogenous origin as in the other cases described above. They might have been introduced into Synechocystis during the course of evolution. This view is consistent with the results of a previous analysis of the E. coli genome, in which genes/ORFs that have apparently been transferred from other species, i.e. horizontally transferred genes, were not detected by GeneMark. 7 In this connection, it is also interesting to note that 10 of the 20 ORFs that were allocated in the putative IS-like Table 1 . b > ORF gm201 shows similarity to the gene ycf33 which has been registered in GenBank/EMBL/DDBJ as U30821, a sequence of Cyanophora paradoxa cyanelle (Stirewalt, V. L. et al. Unpublished). Likewise, ORF gm704 is similar to the gene bltlOl registered in GenBank/EMBL/DDBJ as Z25537, a sequence of Hordeum vulgare, 16 and to the gene ESI3 (U00966), a sequence of Lophopyrum elongatum. 17 In addition, gm706 (marked by asterisk) was found to be identical to ORFs in ISclOO (slrO352, sll0201, slr0230, slr0704). 3 that were not supported by GeneMark and did not show similarity to any known genes are listed. ORFs/genes that have been assigned in IS-like elements are not included (see Table 5 ). a) The list does not include ORFs/genes that have been assigned within IS-like elements (see Table 5 ). b) Degrees of similarity are classified as follows: identical, ORFs identical to reported genes; high, ORFs very similar to (and hence likely to be homologous to) reported genes, weak, ORFs weakly similar to reported genes, and "*" ORFs homologous to hypothetical genes, sw, pir and ged indicate, respectively, SwissProt, PIR and GenBank/EMBL/DDBJ databases. elements 3 were not identified by GeneMark. It might be that IS-like elements have the capacity to move among various organisms, although no experimental proof as to whether this is indeed the case is yet available. In summary, our results have shown that GeneMark in conjunction with the Markov matrices produced by GeneMat2 was very effective in the prediction of likely coding regions in the 1-Mb genomic sequence data of Synechocystis. The recursive application of the programs by running GeneMark-Genesis followed by evaluation of the results for optimization has been successful to create Markov matrices without the need for known genes. The procedure can easily be adapted for finding and characterizing genes in the genomic nucleotide sequence data. Furthermore, it seems that the method can be modified for the identification and analysis of genes of a different class, 18 such as those of exogenous origin, within the genomic sequence data of an organism. Such class-specific analysis will be useful for the evolutionary analysis of various genomes and of their interrelations. 19 
